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Abstract 
Innovative companies nowadays face demanding challenges as more complex product architectures and shorter product lifecycles endanger the 
success of innovative products. Rising product recalls and critical software patches are the observable consequences, threatening not only 
revenue but reputation and customer satisfaction. Therefore, it is evident that companies need to frontload their development processes while 
managing complexity through effective and in-depth product lifecycle monitoring. This becomes even more crucial in the context of multi-
project management, employee turnover and low in-house production depth. 
In this paper, an approach to systematically assess project specific technical risks and uncertainties in early phases is presented. Based on 
qualitative ratings of risk and control factors and a staged aggregation and transformation of the assessment data into continuously updated 
maturity indicators, an effective method for product lifecycle monitoring is accomplished. It is shown how this will help companies to 
drastically reduce lifecycle costs. The approach is flanked by embedment into a real-time online information system satisfying several critical 
requirements. The application is validated by an industrial use case of an innovative manufacturer with a strong focus on critical uncertainties 
in subsequent product lifecycle phases. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the scientific committee of the 23rd CIRP Conference on Life Cycle 
Engineering.
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1 Introduction  
Within the field of product development, enterprises 
nowadays have to face increasingly demanding customer 
requirements and a competitive environment. While the 
customers may evaluate the maturity of a product by checking 
the degree of fulfillment of their requests on the delivered 
product and its documentation, the developers’ situation 
within the development process is much more complex. From 
the developers’ point of view, various experts and disciplines 
have their own specific ideas about feasibility and risks of 
implementation of requests at different stages of the 
development process. Their knowledge is often not formally 
represented in the database of previous products, but still 
existing. Moreover, this knowledge is underlying a certain but 
unspecified uncertainty [1]. Due to these facts, the question 
arises how the maturity of a product can be assessed during 
the development process, especially in early phases.  
In manufacturing industries, maturity occurs in different 
ways, e.g. maturity in projects, processes, products or 
technology. Technology Readiness Level (TRL) supports the 
assessment of proven technology’s maturity in comparison 
with recent technologies. TRL is nowadays widely used in 
several industries worldwide. However, the assessment of 
technology readiness remains the enabler for product 
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development and hence is not eligible for measuring the 
maturity of a product in the development process. [2] 
The need for a more complete understanding of product 
maturity during the development process is shown by detailed 
analysis of development project success factors by Cooper 
and Kleinschmidt. Among the key factors are having a well-
defined product prior to development activities and excellent 
conduction of technological activities. [3] Nevertheless, many 
companies nowadays face changing and fuzzy customer 
needs, and technological activities often undergo efficiency 
measures and cost-effectiveness analyses, both jeopardizing 
these targets. 
So how can management and development assure that 
technological activities in the product development process 
are really conducted flawless? And what are the real technical 
risks and uncertainties within this process at each point of the 
development? The answer can be given through a consistent 
and technologically profound maturity assessment of the 
product itself, starting in early phases of development 
projects.
2 Measuring maturity in development processes  
At this point, maturity must be defined clearly in the 
context of this work. In deviation from common definitions of 
process maturity and on the basis of the definition of Müller, 
Bär and Weber, maturity may here be defined as the degree of 
achievement of a set of product requirements compared to a 
specified maturity at an end stage [4]. With this definition, 
maturity models that assess the organizational maturity in 
product development like CMMI-DEV are outside the scope 
of this work [5]. Furthermore, in this paper knowledge is 
defined as information and skills acquired through 
experiences or education. This includes all knowledge of 
enterprise’s employees, not only knowledge of proven expert. 
[6] 
Following the production process step by step is not 
sufficient for an effective development project management 
because of its complexity nowadays. Therefore, the 
development process must be systematically structured and 
designed to enable consistent verification and validation. 
Quality Gates (QG) provide an appropriate framework to 
achieve this goal for developing physical products. They have 
proofed their benefit in several commercial deployments in 
branches like automotive, aerospace industry and machinery 
industry. [7] 
Each QG includes a request of necessary deliverables, e.g. 
documents, resources or operations, which have to be 
assessed with a maturity rating before passing the gate to the 
next phase (fig. 1). Additional, these gates may be 
supplemented by economic key figures, thus giving a 
comprehensive management summary at each checkpoint. [8] 
But this method of checking essential parameters at 
defined gates has its weakness in early phases, when there is 
only insufficient data for a valid assessment of maturity 
levels. At this point, technical parameters cannot be checked 
by tests, simulations or customer’s specifications yet. Instead, 
often the only data source is knowledge of experienced 
employees about specific requirements, functions or 
challenges. While the strength of the QG approach lies in the 
high flexibility regarding requested deliverables and maturity 
levels, its weaknesses lie in a lack of guidance on which 
deliverables are to be assessed, and on how best to assess the 
described uncertain data. 
A maturity assessment methodology widely used in the 
automotive industry is the ‘Verband der Automobilindustrie’ 
(VDA) maturity level assurance for new parts. In this model, 
the fulfillment of requirements and the acquisition of key 
figures concerning the project goals are requested in pre-
defined checklists at a predefined set of milestones (ML), 
ML0 to ML6. All items in the checklists have to be answered 
with either ‘yes’ or ‘no’. The maturity level at each ML is 
classified into three stages as follows: 
• Green: all requests are answered with ‘yes’ 
• Yellow: at least one request is answered with ‘no’ 
• Red: at least one request is answered with ‘no’ and at 
least one project goal will not be achieved 
At each ML all requirements from all previous ML are 
reviewed carefully and are assessed again. The maturity level 
of the worst assessed ML checklist determines the overall 
maturity level (fig. 2). [9] 
While the predefined checklists give a strong guidance to 
users, it also remains a weakness since individual items can 
hardly be integrated. Technological deepness of the 
assessment is fixed through these checklists, while large-scale 
projects may need a deeper assessment and small projects 
may profit from a more thinned out assessment. Furthermore, 
the coarse range of assessment leaves a wide room for 
interpretation. Based on discussions of the authors with users 
from German automotive companies, another negative aspect 
of this assessment is the fact that users tend to build consensus 
when having different opinions, leading to an over-
representation of the stage ‘yellow’. That is why the 
advantage of having only a few stages may lead to distorted 
assessments in real situations. Our concluding finding is that 
through a lack of individualization and a missing real-time 
assessment of technical risks in depth a real assessment of 
product maturity is not possible with this model. 
Fig. 2: Seven-staged maturity levels with a three-staged traffic lights 
assessment according to VDA
Fig. 1: Example of Quality Gates approach
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Another problem of both QG and VDA frameworks is that 
generated snapshots only show the status at defined holding 
points in the development process. Consequently, this leads to 
a lack of knowledge on the maturity status in between those 
holding points. If actions or incidents after one holding point 
lead to a significant decrease of maturity but are fixed before 
the next holding point, the real maturity development will 
differ from the measured one (fig. 3). For this reason it is 
essential for successful maturity models to be used 
continuously over the development process. [10] 
Another approach by Pfeifer-Silberbach considers the 
significance of detailed planning during early phases of 
development process. [11] Delays in early phases are stronger 
emphasized than in later phases, e.g. up to release milestone. 
Therefore it is essential to support the technical development 
process by method and information technology. Documenting 
specific product information in following phases is the next 
step. These information must be connected and carried on up 
to roll-out phases in order to avoid technical errors and reduce 
development costs [12]. 
The author also provides a first quantification of maturity 
level based on the flexible amount and fulfillment of 
requirements. In this approach product’s maturity is measured 
by a development-maturity-level DML (see equation 1). 
ܦெ௅ ൌ
஼ಾಽכீ಴ା௉ಾಽכீು
ீ಴ାீು
           (1)
This maturity level is subdivided in a concept maturity 
level (equation 2) and a product maturity level (equation 3): 
ܥெ௅ ൌ
σோ௘௤௨௜௥௘௠௘௡௧௦௖௢௡௦௜ௗ௘௥௘ௗ௜௡௔௖௧௨௔௟௣௥௢ௗ௨௖௧௖௢௡௖௘௣௧
σோ௘௤௨௜௥௘௠௘௡௧௦
  (2)
ெܲ௅ ൌ
σோ௘௤௨௜௥௘௠௘௡௧௦௩௔௟௜ௗ௔௧௘ௗ௧௛௥௢௨௚௛௔௣௣௥௢௩௘ௗ௘௟௘௠௘௡௧௦
σோ௘௤௨௜௥௘௠௘௡௧௦
  (3) 
This approach is the first model that offers an evaluation 
of requirements fulfillment, divided into requirements 
considered in a planned product concept in early phases and 
requirements fulfilled by approved elements of the product in 
later phases. Weighting (G) is defined either for concept 
maturity (GC) or product maturity (GP). [11] 
This approach generates a maturity level which enables a 
continuous quantification of the development status. 
Regarding assessment of product maturity in early phases, this 
approach is an important progress compared to the precedent 
models. However, there is a lack of unified data handling, 
managing and analyzing all information centrally. In addition, 
only specified requirements are taken into account, implicit 
requirements, risks and uncertainties remain disregarded. 
Furthermore, there is no weighting of requirements, only a 
top-level weighting between concept and detail engineering. 
Furthermore, the assessment necessarily stops with the full 
approval of all parts. 
Another model presented by Rauchenberger focuses on 
development of mechanical, technical and electronic products. 
There are two parameters for the evaluation of the 
development process, on the one hand degree of fulfilment of 
predefined questions and on the other hand their relative 
importance. Degree of fulfilment is measured with an 
optimistic and realistic parameter and thus represents a basic 
variance analyses. Based on the degree of fulfilment and 
importance factor, criticality will be calculated. High 
criticality of a process area forms the basis for 
recommendation for action. [13]  
But issues like predefined questions, a focus on process 
areas before production phase, missing risk analyses and a 
missing approach on implementation and integration into the 
development process form similar points of critique on this 
model as on the preceding models.  
Regarding risk assessment in product development, by far 
the most common method is Failure Mode and Effects 
Analysis (FMEA). In this method a risk prioriy number 
(RPN) is calculated, rating a risk and its criticality for 
customers’ finished product. The main parameters are 
Severity (S), Occurrence (O) and Detection (D). Each 
parameter’s scale ranges from 1 (low influence to criticality) 
to 10 (high influence to criticality). An extensive overview of 
factors regarding the success, effectiveness and, by 
implication, problem factors of FMEA, is given by Carlson. 
[14] 
Though risks are analyzed in the appropriate technical 
deepness, the parameters only focus on risks for functionality 
of end product, not on development process related risks or 
uncertainties. Also a mere risk assessment is not sufficient to 
stand as a product maturity model for product development. 
Evaluation of product maturity is not the main objective of 
FMEA method. 
Concluding, in theory and practice a number of proven 
models for product maturity assessment during product 
development exist. While some of them highlight the 
importance of early phases in development process, a few 
present quantified calculations of maturity levels, while others 
focus on uncertainties in detecting requirements and risks in 
product development. None of these models includes 
assessment of technical requirements and risks at the same 
time. Lifecycle phases beyond production phase are not 
considered. Furthermore there is no focus on special needs in 
early development phases. Because of limited availability of 
relevant data in these phases, knowledge of employees as a 
data source is crucial.  
In summary, none of the models fits the current needs in 
industry at a whole and therefore an approach that fulfils all 
needs and requirements to a holistic and continuous product 
maturity assessment does not exist yet. 
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Fig. 3: Development of real and target maturity level through the course of a 
development project according to Krehmer et Al. [10] 
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3 RAPIDO Product maturity model 
3.1 Approach
Because of the unsatisfactory state of maturity level 
evaluation, this paper presents an innovative approach 
compensating weaknesses of methods above (fig. 4). The 
developed system focuses on controlling of project progress, 
but special attention is on uncertainties of technical 
requirements of developing products. 
Basis of this method are requirements and related 
technical risks, starting in early development phases. But also 
in later phases these requirements and risks must be updated, 
checked and solved by specific partial solutions. Finally 
requirements will be checked comprehensively against their 
fulfillment, but also remaining technical risks are considered 
in later phases. Thus, each requirement is transferred through 
the whole project. 
3.2 Requirement and risk evaluation 
At first customers and development department specify 
requirements and their risks and uncertainties. All these items
i are rated with a significance index (Bi) similar to FMEA. 
Another new defined parameter is uncertainty of prediction 
(Ai, Ai,id) which describes source of data concerning its 
accuracy for each item. Expert interviews, simulations and 
tests help to improve the quality of database and thus the 
parameter value. Especially consideration of external or 
internal expert knowledge and the assessment of this 
knowledge is an important part of this approach. Employees 
may assess their own knowledge or there is an assessment 
through group consensus or by project manager. The third 
parameter, uncertainty of requirement/risk control (Ui), offers 
an evaluation of practicability and risks for fulfillment of each 
requirement itself. All of these three parameters are scaled 
qualitatively from 0 to 10. A first calculated indicator is the 
degree of coverage (AG) of each assessed item i as per 
equations 4 and 5. 
ܣܩ௜௥௘௔௟ ൌ ͳͲͲ െ ሺܣ௜ ൅ ௜ܷሻȀʹ כ ͳͲ            (4)
ܣܩ௜
௧௔௥௚௘௧ ൌ ͳͲͲ െ ሺܣ௜ǡ௜ௗ ൅ ௜ܷሻȀʹ כ ͳͲ            (5) 
 These parameters define criticality and scale of 
requirements and risks in a specific phase of development, 
where ܣܩ௜௥௘௔௟ uses real values for Ai and Ui, while ܣܩ௜
௧௔௥௚௘௧
uses ideal values for the actual phase. 
In complex projects the high number of evaluated details 
may lead to decreased transparency. To avoid this scenario, 
the demonstrator reduced the amount of examined 
requirements through the requirements lifecycle. A 
requirement lifecycle contains the phase of requirement’s 
creation and planned validations, tests or meetings during the 
development process. It also includes the phase in which 
validation of the requirement is planned to be completed. This 
feature makes it possible that the course of action regarding 
each single requirement is clearly defined and can easily be 
traced. By doing this, only current and important requirements 
are evaluated at a time. 
3.3 Maturity level system 
Considering all requirements and technical risks of a phase 
the real maturity level (PML) is calculated as in equation 6. 
ܲܯܮ௥௘௔௟ ൌ ͳͲͲ െ
σ ሺ೙೔సభ ଵ଴଴ି஺ ೔ீ
ೝ೐ೌ೗ሻכ஻೔
σ ஻೔
೙
೔సభ
           (6) 
ܲܯܮ௧௔௥௚௘௧ ൌ ͳͲͲ െ
σ ሺ೙೔సభ ଵ଴଴ି஺ ೔ீ
೟ೌೝ೒೐೟ሻכ஻೔
σ ஻೔
೙
೔సభ
          (7)
To interpret this real maturity level is has to be compared 
with ܲܯܮ௧௔௥௚௘௧  (equation 7) that could be achieved 
theoretically in best case. ܲܯܮ௧௔௥௚௘௧ is the developer team’s 
estimation on how much uncertainty of prediction (Ai,id) can 
be reduced realistically in a specific state of a project.  
In order to have a solid database for estimations of all 
parameters, the developers shall make use of meetings, 
simulations and tests. In case that real and target maturity 
level are close to each other, this indicates that all possible 
measures for covering risks are taken at a specific time.  
3.4 Lifecycle-oriented approach 
Technical requirements must be considered during the 
whole development process. But depending on how they are 
actually fulfilled they may have different influence on 
maturity level. 
On one hand there are implicit requirements. These 
requirements already exist in early phases but they are 
specified during the development progress. By that overall 
uncertainty of prediction Ai may decrease and thus ܲܯܮ௥௘௔௟ is 
influenced positively. Explicit requirements made by 
customers exist from the beginning, but may change in the 
course of the project. Using a correlation matrix, every 
requirements and its influence to other requirements can be 
detected. Thus all consequences of changed requirements can 
be clearly identified. In consequence of this technique, 
maturity levels may decrease temporary, which reflects the 
real situation. 
Finally, requirements derive from after sale experiences. 
Mostly, these experiences are consequences of maintenance, 
customer complaint or disposal. While this information has 
little influence on maturity level of the initial project, 
comparable new products or variant development may benefit 
from these Lessons Learned that can be added in the RAPIDO 
model. Thus development department may prevent additional 
costs and extra time in future projects at an early stage.
Fig. 4: Basic approach for RAPIDO product maturity model
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3.5 Usability 
Mock-up and demonstrator are developed with an open-
source platform which is publicly available. This tool fulfils 
several requirements of small and medium-sized enterprises 
(SME) like real-time operation, multi-user access, user rights 
management and security. Especially low costs for software 
tool and training are essential to those companies.  
This innovative approach creates added value especially 
for SME for the following reasons: early consideration of 
requirements defined and evaluated by experts, customized 
use cases and simulations, and early objective and simplified 
evaluation of expected maturity level. By that, managers have 
a transparent and objective view on the requirements’ degree 
of fulfillment at each stage and a better forecast for start of 
production. 
4 Use case validation 
The demonstrated methodology is exemplary implemented 
at a German manufacturer of fittings and steel couplings in 
the field of fluid technology. The product portfolio includes 
simple applications as well as complex coupling systems with 
special features.  
Within RAPIDO product maturity model, capturing 
phases of product development processes and collecting 
created product data is the first step (Table 1). 
This product data is basis for evaluation of product 
maturity in each phase. Different requirements and risks can 
refer to different or the same product data. For example, in 
‘Design’-phase requirement ‘strength of a valve’ can be 
estimated clearly because of a functional prototype. At the 
same time, ‘tightness by specification’ can only be estimated 
by experience-based knowledge. 
Table 1: Stages and relevant product data 
Stages Relevant Product Data 
1 Planning Stakeholder Analysis, Requirements Specification, 
Experience-based knowledge  
2 Design Drawings, Functional Feasibility Analysis, Design 
FMEA, Functional Prototype, Experience-based 
knowledge 
3 Prototyping Test Results, Simulation Results, Production 
Feasibility Analysis, Process FMEA, Change 
Requests, Experience-based knowledge 
4 Preliminary Series 
5 Pilot Series 
Process Capability Analysis, Test Results, Change 
Requests, Experience-based knowledge 
Process Capability Analysis, Test Results, Change 
Requests, Experience-based knowledge 
In the first phase technical and customer requirements are 
identified by expert meetings and experience-based 
knowledge. These requirements are then linked with 
uncertainties and risks which could prevent a requirement 
from fulfillment. First, all requirements and uncertainties are 
assessed with a value for significance (Bi) in comparison to 
each other. Then they are evaluated with uncertainty of 
prediction (Ai) and uncertainty of requirement control (Ui).
According to the presented system, the developers of the 
development team evaluate all of these three parameters. 
Regarding the product examined in this use case, a 
coupling, nine core requirements were identified, which are 
linked with special technical risks in development and which 
are all relevant for maturity level assessment.  
During development process there are additional 
uncertainties but also ascertainments of identified 
requirements which are added to evaluation process step by 
step in later phases. By that way, additional to requirement 
‘100% leak proof operation’, for example, there are two new 
uncertainties during ‘design’ stage caused by local weak 
points of the coupling (fig. 5). For all items, developers found 
the data sources, and thus Ai, to be not ideal at the time of 
evaluation, leading to difference of Ai and Ai,id, and 
subsequently ܲܯܮ௥௘௔௟ (50,83%) and ܲܯܮ௧௔௥௚௘௧ (70,83%). 
Based on these requirements, tracking and comparing 
maturity levels offered the company a quick overview and a 
detailed technical report regarding current uncertainties and 
risks. At project milestone meetings, progress of ܲܯܮ௥௘௔௟
over time and deviation from ܲܯܮ௧௔௥௚௘௧  was analyzed and 
discussed, leading to a better transparency of product 
maturity. ܲܯܮ௥௘௔௟evolved from 4,77% in stage ‘1 Planning’ 
to 55,27% in stage ‘3 Prototyping’. The report also expands 
the company’s database of knowledge. As an additional 
benefit these measures indicate to similar problems in other 
development projects which can be solved with this help. 
Furthermore, issues in later product lifecycle phases claimed 
by the customer can be analyzed much quicker by looking 
into risks and issues handled in earlier phases in the RAPIDO 
tool. 
Information for requirements can also come from field 
data or customer complaints and lead to Lessons Learned for 
development projects of upcoming products. This promises to 
be an added value for new developments because failure costs 
from the past can be avoided more efficiently.  
This approach provides a consistent tool for the company 
involved in this validation during the entire product 
development cycle. Requirements, relating uncertainties and 
risks are reviewed at every stage of development, 
systematically analyzed and finally resolved by using defined 
product-oriented measures. By doing this in this use case, 
implicit requirements could be elicited which were before 
simple experience-based knowledge. Consequently, by 
applying this approach, additional costs and extra iterations 
could be reduced at several stages, e.g. by running simulations 
in early phases and initiating countermeasures for identified 
uncertainties.  
Fig. 5: Demonstrators’ view on three requirements and risks at a certain 
evaluation point in ‘design’ stage (extract)
i Requirement/Risk Bi Ai Ui
1 100% leak proof operation 10 6 3 55%
2 Technical Weak point #1 6 3 4 65%
Technical Weak point #2 8 5 8 35%
PMLtarget
PMLreal
70,83%
50,83%
Ai, id
0
1
23
85%
75%
50%
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5 Summary and outlook 
Because of high complexity in technical products 
nowadays, especially SMEs need a tool already in early 
phases showing the status of a developing product objectively. 
In this paper, a complex risk-oriented and technical product 
maturity model has been described, which was developed 
based on technical risks for requirements. This validation 
method uses a quantification approach with high similarity to 
the FMEA approach for usability reasons, but uses different 
parameters tailored to the needs for product maturity 
assessment. Future research must address scaling and 
meaning of the parameters before dissemination into industry. 
Especially concerning the individual scaling of ‘uncertainty of 
prediction’ and its data source of prediction, there is still need 
in research, in particular concerning experience-based 
knowledge.  
Generally, as a result of this method there are real and 
target maturity level representing status and progress of 
development continuously and at milestones in detail. All of 
this information can be made available for employees in a 
real-time online application and can improve employees’ 
know-how by structured integration of Lessons Learned. 
Further research is needed with respect to long-term cost-
benefit consideration of the application itself. Therefore 
expenses in several projects should be summarized and 
compared with prevented risks and failures. All in all a 
quantification of benefit for strategic management does not 
exist yet. For this purpose it is planned to expand the 
demonstrator with a simple and configurable management 
cockpit for individual projects and for general overview 
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